Elevated blood pressure (BP) is commonly seen in patients with intracerebral hemorrhage (ICH), and is independently associated with poor functional outcomes. Little is known about how elevated BP influences ICHrelated brain injury. In the present study, we investigated the physiological and brain histological changes, as well as functional recovery following ICH in renovascular hypertensive rats. Renovascular hypertension (RVHT) was achieved by applying a silver clip onto the left renal artery of adult Sprague-Dawley rats. ICH was induced by an intrastriatal injection of bacterial collagenase IV about 5-6 weeks after left renal artery clipping or the sham operation. Following induction of ICH, both the normotensive and RVHT rats demonstrated an ultra-acute elevation in BP. Elevated BP increased hematoma volume, brain swelling, and apoptosis in the perihematomal areas. Brain degeneration, including local atrophy and lateral ventricle enlargement, was greater in the RVHT rats. In addition, many proliferating cells were seen over the ipsilateral striatum in the RVHT rats after ICH. The modified limb placing tests were done weekly for 3 weeks. In line with the histological damage, elevated BP worsened neurological deficits. These results suggest that ICH in the hypertensive rats mimics the clinical scenario of hypertensive ICH and may provide a platform to study the mechanisms of ICH-induced brain injury and potential therapies for ICH.
Introduction

I
ntracerebral hemorrhage (ICH) accounts for 10 to 15% of all strokes and has the highest mortality rate (Broderick et al., 2007; Caplan, 1992) . Only 20% of patients are independent at 6 months after ICH (Gebel and Broderick, 2000) . Hypertension is the most important risk factor for ICH (Brott et al., 1986) . The most common site of hypertensive ICH is the striatum. Recent clinical evidence suggests that elevated blood pressure (BP), as defined by BP ‡ 140/90 mmHg, is seen in more than 70% of patients in the acute period of ICH (Qureshi et al., 2007) . Elevated BP may contribute to ICH and is associated with poor outcomes (Qureshi, 2008; Vemmos et al., 2004) . To optimize BP management in ICH patients, it is necessary to understand the direct effects of elevated BP on ICH-induced brain injury.
Several animal models of hypertension are available (Leenen and de Jong, 1971; Okamoto et al., 1986; Zeng et al., 1998) . The 2-kidney, 1-clip (2K1C) model, introduced by Wilson and Byromv (1939) , is widely accepted. In the 2K1C model, a silver clip is applied on a renal artery, leaving the contralateral artery undisturbed. This has a high yield of hypertensive animals, and renin-angiotensin system (RAS) is involved in the hypertensive process (DeForrest et al., 1982) . Circulating levels of renin and aldosterone rise in the early phase of hypertension and return to normal when hypertension is moderate with systolic BP < 200 mmHg (Brunner et al., 1971; Koletsky et al., 1971) . The systemic level of angiotensin II (Ang II) follows a similar pattern (Lerman et al., 2005) .
Previous studies have demonstrated the chronic hypertension-induced brain damage (Al-Sarraf and Philip, 2003; Wakisaka et al., 2008) . However, there is little experimental data concerning the direct effect of elevated BP on ICH-related brain injury (Gonzalez-Darder and Duran-Cabral, 1990 ). In the present study, we investigated the effects of elevated BP on the physiological parameters, acute brain injury and delayed brain degeneration, proliferation of endogenous neural stem cells (NSCs), and functional recovery in a rat ICH model. University of Hong Kong. Standard chow-fed adult male Sprague-Dawley rats, weighing between 260 and 280 g, were obtained from the Laboratory Animal Unit, the University of Hong Kong. Rats were maintained under diurnal lighting conditions with free access to food and water for about 4 days before experimentation. All surgical procedures were performed with aseptic techniques. The rats were randomly allocated to one of the two groups: the RVHT group and normotensive group. A total of 42 rats were used to induce RVHT, of which seven rats were excluded because of failure in achieving elevated BP 5 weeks after renal artery clipping and one was euthanized due to severe weight loss after surgery. Eleven weeks after the renal artery clipping or sham operation, the brain and kidneys were collected for histological study (n = 4 in normotensive group and n = 8 in RVHT group). ICH was induced in 31 normotensive rats and 26 hypertensive rats. The right femoral artery was cannulated for BP measurement from 10 min before ICH to 4 h after ICH onset (n = 6 in normotensive group and n = 5 in RVHT group). The rats that had undergone invasive BP measurement were sacrificed for examination of their kidneys and heart. One day after ICH, some rats were sacrificed for assessment of hemoglobin content (n = 8 in normotensive group and n = 5 in RVHT group) and brain swelling (n = 5 in each group). Apoptosis and new cell proliferation in the perihematomal areas 10 days after ICH were evaluated immunohistochemically (n = 5 in each group). Twenty-one days after ICH, some rats (n = 7 in normotensive group and n = 6 in RVHT group) were sacrificed for measurement of the lesion volume, brain tissue loss and lateral ventricle enlargement. Neurological deficits were assessed at 1, 3, 7, 10, 14, and 21 days after ICH.
RVHT model
RVHT was induced by applying a solid silver clip onto the left renal artery, leaving the contralateral artery undisturbed (Leenen and de Jong, 1971; Zeng et al., 1998) . In brief, 6-to 8-week-old male rats were anesthetized with an intraperitoneal injection of ketamine (67 mg/kg) and xylazine (6 mg/kg). After anesthesia, a 3-cm median longitudinal skin incision was made in the abdomen. The left renal artery was stretched, separated from the left renal vein. A clip with the internal diameter of 0.25 mm was applied onto the exposed left renal artery as close to the aorta as possible. Sham RVHT was achieved by the same procedure except that no clip was placed onto the left renal artery. Free access to food and water was allowed after recovery from the anesthesia.
BP measurement
Systolic BP (SBP) and body weight were measured weekly after renal artery constriction. SBP was measured by an indirect tail-cuff method (Kurtz et al., 2005) . Rats were observed for 10 min daily to assess their general behavior, including grooming and exploratory activities, level of alertness, and physical well-being. Rats with SBP > 150 mmHg at 5 weeks after renal artery constriction were characterized as RVHT rats for subsequent ICH study.
Histological examination of brain and kidneys
At 11 weeks of renal artery constriction or sham operation, some rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (55 mg/kg) and sacrificed for histological examination by transcardial perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Coronal brain sections of 10 lm thickness were obtained from 4 mm anterior to the bregma to 10 mm posterior to the bregma and stained with hematoxylin and eosin (HE). Four micron-thick paraffin sections obtained from the kidneys were stained with periodic acid-Schiff (PAS) reagent. Slides were examined under the light microscope.
Collagenase injection-induced ICH
Experimental ICH was induced via an intrastriatal injection of type IV collagenase (Matsushita et al., 2000; Park et al., 2005) . In brief, after an intraperitoneal injection of sodium pentobarbital (55 mg/kg), the rat was placed in a stereotaxic frame. A 2-mm diameter burr hole was drilled along the left coronal suture at 3.0 mm lateral to the bregma. A 30-gauge needle was inserted into the left striatum at the coordinates of 0.2 mm anterior to the bregma, 3 mm lateral to the midline, and 6 mm underneath the skull. ICH was induced by administration of 1.0 lL saline containing 0.2 U collagenase IV (Sigma-Aldrich, St. Louis, MO) over 10 min. Once the infusion was completed, the needle was left in place for 5 min. The burr hole was sealed with bone wax, and the incision was sutured. Rectal temperature was maintained at 36.5-37.5°C throughout the experiment, and the rat was kept at 37°C during recovery. Sham ICH was achieved by the same procedures except that an equal volume of saline was injected.
Femoral artery BP measurement and biometric markers
Mean arterial BP (MAP) is the perfusion pressure for organs. The left femoral artery was cannulated for continuous measurement of MAP and heart rate between 30 min before and 4 h after collagenase IV injection, and blood sample was obtained for glucose measurement. The rat was then deeply anesthetized with sodium pentobarbital (80 mg/kg) and perfused transcardially with saline, and then 4% paraformaldehyde in 0.1 M PB. The kidneys and heart were collected and weighed.
Hematoma volume
Hematoma volume was quantified at 24 h using a spectrophotometric assay (Choudhri et al., 1997; MacLellan et al., 2004; Park et al., 2005) . In brief, hemispheric brain tissue discarding the olfactory bulbs and cerebellum was acquired from the rat following transcardial perfusion. The tissue was homogenized in 3 mL 0.01 M phosphate-buffered saline (PBS), and this was followed by 1 min of sonication on ice. After centrifugation at 12,000 g for 30 min, 100 lL supernatant was reacted with 400 lL Drabkin's reagent (Sigma-Aldrich) for 15 min. The absorbance reading minus background reading at 540 nm was determined with a spectrophotometer (Bio-TEK Instruments, Winooski, VT). Using a previously determined curve from known hemoglobin contents, the hematoma volume in the perfused brain was quantified.
Lesion volume, brain swelling, and volume of lost brain tissue
The rat was deeply anesthetized with sodium pentobarbital (80 mg/kg) and then transcardially perfused with saline 2524 SANG ET AL.
followed by 4% paraformaldehyde in 0.1 M PB. The brain was sliced into nine 1 mm-thick coronal slices centered at the needle entry site. Images of the brain slices were taken using a digital camera and analyzed with Image J software (NIH, Bethesda, MD) by an observer who was blinded to group identity. Lesion volume was calculated as the sum of the lesion area on each slice and multiplied by the slice thickness on day 1 and 21 days after ICH. Brain swelling was defined as follows: ipsilateral hemisphere volume minus contralateral hemisphere volume/contralateral hemisphere volume · 100%. It was measured one day after ICH. The volume of lost brain tissue 21 days after ICH was defined as the volume of the contralateral hemisphere minus volume of normallooking tissue on the ipsilateral hemisphere (Auriat et al., 2005) . The lateral ventricle volume was quantified via Image J software (NIH) 21 days after ICH or sham ICH. Lateral ventricle volume was acquired by summing the lateral ventricle area in each slice multiplied by the slice thickness. The ventricles were not included in the measurements of brain swelling and the volume of lost brain tissue.
Tissue preparation and immunohistochemical studies
The brain used for BrdU staining and TUNEL assay was processed as follows. The rat was deeply anesthetized with sodium pentobarbital (80 mg/kg) and perfused transcardially with ice-cold saline, and then 4% paraformaldehyde in 0.1 M PB for 20 min. The brain was post-fixed in 4% paraformaldehyde overnight at 4°C before placing in 30% sucrose in 0.1 M PB for 4 days. Brain sections of 30 lm were obtained between 3 mm anterior to the bregma and 4 mm posterior to the bregma using a cryostat at -18°C. Brain sections were affixed on Superfrost Plus slides (Menzel-Glaser, Braunschweig, Germany), air-dried overnight, and stored for IHC studies.
Proliferating cells were labeled with thymidine-analogue 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich), which was given by intraperitoneal injection at 50 mg/kg twice daily from day 6 to day 9 after ICH. The rat was sacrificed on day 10. The brain sections were denatured by incubation in citrate buffer at 95°C for 30 min and then in 2 N hydrochloric acid at 37°C for 30 min. After blocking with 10% normal goat serum in PBS, the brain sections were incubated with Rat anti-BrdU (1:1000, Abcam, Cambridge, MA) overnight at room temperature. The brain sections were then rinsed and incubated with biotinylated goat anti-rat antibody (1:200, Vector, Burlingame, CA) for 2 h. Avidin-biotin complex solution was used to amplify the IHC signal, which was visualized by diaminobenzidine (DAB) as the chromogen. For negative controls, either the primary or the secondary antibody was omitted or the same staining procedures were followed.
For double fluorescent staining, the brain sections were incubated with rat anti-BrdU (1:1000, Abcam) and mouse anti-nestin (1: 200, Millipore, Billerica, MA) overnight at room temperature. Goat anti-rat secondary antibody conjugated to Alexa 488 and goat anti-mouse antibody conjugated to Alexa 568 (1:400) were applied at room temperature for 2 h. The brain sections were coverslipped with anti-fade mounting media (Dako, Hamburg, Germany). Cells double-labeled with BrdU and nestin were counted with a confocal microscope (LSM510 META, Carl Zeiss Meditec, Jena, Germany). Counts were averaged over four grids (462 · 425 lm each) adjacent to the hematoma.
Apoptosis
Apoptosis was assessed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay with an in situ cell death detection kit (Roche, Indianapolis, IN) (Chu et al., 2004b; Jung et al., 2004; Lee et al., 2006) . The brain sections were blocked with 3% H 2 O 2 in methanol to quench the endogenous horseradish peroxidase. The sections were first incubated in the permeabilization solution and then incubated in labeling reaction mixture at 37°C in the dark for 60 min. After incubating in converter-POD at 37°C for 30 min, the brain sections were stained with DAB-H 2 O 2 . Three brain sections per rat at 1 mm interval were analyzed under the light microscope.
Stereological analyses
Counting of TUNEL-labeled cells and BrdU positive cells were performed stereologically using an Olympus fluorescent scope with the optical fractionators method and StereoInvestigator v.6.0 (MicroBrightField, Williston, VT). First, the contour of the ipsilateral striatum excluding the hematoma lesion core was outlined with the Stereoinvestigator program. Systemic random sampling was done within the outlined region at 200 · magnifications. Cells were counted within a counting box, with the cells in the upper-most focal plane being ignored to avoid oversampling errors. The total counts from the brain sections were converted to cell densities to facilitate quantification and comparison between groups.
Behavioral tests
A standardized battery of behavioral tests was used to quantify neurological function before and 1, 3, 7, 10, 14, and 21 days after ICH by an observer who was blinded to the group identity. The modified-limb placing test (MLPT) was used to assess the sensorimotor integration of the forelimb and the hind limb (Song et al., 2003) . First, the rat was suspended at 10 cm above a table, and the stretch of the forelimbs toward the table was evaluated as follows: normal stretch, 0 points; abnormal flexion, 1 point. Next the rat was positioned along the edge of the table, and its forelimbs were suspended over the edge of the table and allowed to move freely. Each limb (forelimb, second task; hind limb, third task) was pulled down gently, and retrieval and placement were checked. Finally, the rat was placed toward the table edge to check for lateral placement of the forelimb. These tasks were scored in the following manner: normal performance, 0 point; performance with a delay (2 sec) and/or incomplete, 1 point; no performance, 2 points. Seven points indicate maximal neurological deficit, and 0 point indicates normal performance.
Neurological severity score (NSS) was adopted from previous reports (Chen et al., 2001; Narantuya et al., 2010) . NSS is a composite of motor, sensory, reflex, and balance tests (Table  1) . One point is awarded for the inability to perform a test or for the lack of a tested reflex. The rat was trained to be familiar with the testing environment before ICH.
Statistical analyses
All numerical values are expressed as mean -standard deviation. Data were analyzed with student's t-test for twosample assessment or one-way analysis of variance followed by Turkey's test for multiple comparisons. P < 0.05 was considered to infer statistical significance.
Results
Experimental RVHT
One rat had severe weight loss after renal artery constriction and was euthanized at 4 weeks after surgery. All other rats had progressive weight gain after renal artery constriction or sham operation and remained alert throughout the experimental period. There was no significant difference in body weight between the sham-operated group and the RVHT group at 5 weeks after operation. Compared with the sham-operated rats, the RVHT rats developed cardiac hypertrophy, but without signs of congestive heart failure, as well as right kidney hypertrophy (Table 2) .
Before renal artery constriction, SBP was 114.3 -5.2 mmHg. In sham-operated rats, there was no significant change of SBP within 7 weeks after operation. In the RVHT rats, SBP gradually increased after operation with SBP and was > 150 mmHg at 4 weeks after surgery. From 6 to 8 weeks after surgery, SBP ranged from 170 mmHg to 190 mmHg in the RVHT rats. At 11 weeks after surgery, PAS staining showed cellular hyperplasia in juxtaglomerular apparatus and renal corpuscle of the left kidney. Fibrinoid necrosis, hyaline degeneration, hyperplasia of the wall of arterioles or small arteries, microaneurysms, and thrombotic vascular occlusions were not observed in the cerebral vasculature at 11 weeks after renal artery constriction (Fig. 1C,D) or sham operation (Fig. 1A,B) .
Physiological data for ICH model
All rats survived after the ICH until sacrifice at the specified time points. There was no difference in body weight, blood glucose levels (Table 2) , rectal temperature, and respiratory rates (data not shown) between the RVHT and normotensive rats on the day of ICH induction. The body weight was reduced after surgery. The RVHT rats had significant weight loss after ICH: 1 day (-32.8 -11.5 g, n = 24), 3 days ( -39.3 -24.8 g, n = 11), 7 days ( -40.2 -15.8 g, n = 11), 10 days ( -35.5 -12.5 g, n = 11), and 14 days ( -29.0 -11.0 g, n = 6). The normotensive rats also had significant weight loss after ICH: 1 day ( -22.9 -11.6 g, n = 25), 3 days ( -24.6 -16.2 g, n = 12), 7 days ( -21.2 -15.1 g, n = 12) and 10 days ( -20.9 -17.6 g, n = 12). When compared to the normotensive rats, the RVHT rats had greater weight loss 1 day, 3 days, 7 days, and 10 days after ICH. Weight loss peaked on day 3 in the normotensive rats and day 7 in the RVHT rats. From that time on, rat body weight gradually increased ( Fig. 2A) .
Acute BP elevation and heart rate Figure 2B illustrates the temporal changes of MAP between 10 min prior to and 240 min after ICH onset. The RVHT rats had a significantly higher MAP (131.9 -12.6 mmHg) than that of the normotensive rats (85.7 -11.5 mmHg; Fig. 2B ) before ICH induction. MAP was significantly higher in the RVHT rats when compared to normotensive rats during the 240 min period after ICH. In the normotensive rats, MAP increased to 89.5 mmHg at 30 min after ICH and remained elevated at all time points except at 60 min. Similarly in the RVHT rats, MAP was increased to 138.9 mmHg at 30 min after ICH and remained elevated at all time points except at 90 min (Fig. 2B) .
There was no significant change in heart rate during the first 240 min after ICH in the RVHT rat. However, there was a significant increase of heart rate in the normotensive rats at 
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120 min, 150 min, and 180 min after ICH (Fig. 2C ). There was no significant difference in heart rate between the two groups at all time points.
Hematoma volume and brain swelling
Using spectrophotometric assay of hemoglobin content, hematoma volume was 12.4 -3.5 lL in the normotensive rats (n = 8) and 20.1 -8.1 lL in the RVHT rats (n = 5; Fig. 3C ) 1 day after ICH. The hematoma volume was increased by 60% in the RVHT rats when compared with the normotensive rats (Fig. 3A-C) .
On day 1, the hemorrhagic area represented the lesion area. Lesion volume was 31.8 -4.4 lL in the normotensive rats (n = 5) and 44.4 -10.7 lL in the RVHT rats (n = 5). Both groups had significant ipsilateral brain swelling. Moreover, the RVHT rats (20.1 -8.1%, n = 5) had greater brain swelling when compared with the normotensive rats (12.4 -3.5%, n = 5; Fig. 3D ).
Cell proliferation
ICH stimulated progenitor cell proliferation in the ipsilateral hemisphere in both the normotensive (Fig. 4C ) and hypertensive rats (Fig. 4D) . RVHT rats had a greater increase in the number of proliferating cells (15.0 -5.7 cells/mm 2 , n = 5) in the ipsilateral striatum when compared with the normotensive rats (6.2 -1.3 cells/mm 2 , n = 5; Fig. 4E ) 10 days after ICH. Double staining with BrdU and nestin revealed that more than 95% of BrdU positive cells were also positive for nestin (Fig. 4F1-F3,G1-G3 ).
Apoptosis TUNEL positive cells were seen within the hematoma as well as in the perihematomal areas 10 days after ICH (Fig.  5A,B) . Quantitative analysis revealed a significantly increased number of TUNEL positive cells in the perihematomal area of the RVHT rats compared with the normotensive rats (4.4 -0.6 cells/mm 2 versus 1.5 -0.5 cells / mm 2 , n = 3 in each group; Fig. 5C ).
Lesion volume on day 21
On day 21, the lesion contained cell debris and fluid-filled spaces (Fig. 6A ). There was a clear line of demarcation between the lesion area and surrounding brain parenchyma. The lesion volume was significantly decreased compared to that on day 1 after ICH in both groups. However, the hypertensive rats had a greater lesion volume 21 days after ICH (14.8 -2.7 lL versus 5.9 -3.1 lL; Fig. 6B ). Moreover, both groups had obvious brain tissue loss and lateral ventricle enlargement, which were more severe in the RVHT group. Volume of lost brain tissue was 34.8 -4.7 lL in the RVHT rats (n = 6) and 24.8 -2.2 lL in the normotensive rats (n = 7). Volume of lateral ventricle was 20.1 -8.0 lL in the RVHT rats (n = 6) and 7.0 -3.1 lL in the normotensive rats (n = 8, Fig. 6B ). Three weeks following sham ICH, there was no significant difference in lateral ventricle volume between the normotensive and hypertensive rats (4.1 -0.4 lL, n = 4 versus 4.2 -0.5 lL, n = 4). However, both the normotensive and hypertensive animals revealed significantly enlarged lateral ventricle 21 days after ICH when compared to sham ICH animals.
Functional deficits
No rats had spontaneous stroke within 11 weeks after renal artery constriction. The RVHT rats had more profound sensorimotor deficits than the normotensive rats 1 day after ICH as assessed by MLPT at all time points (Fig. 7A) . In addition, the RVHT rats had a higher NSS score than that of normotensive rats at all time points (Fig. 7B) . 
Discussion
In the present study, we investigated how elevated BP would affect physiological parameters, brain histology, and neurological function in a rat ICH model. Following ICH, elevated BP increased acute and sub-acute brain injury as measured by hematoma volume, brain swelling and apoptosis, aggravated brain degeneration as measured by brain tissue loss and lateral ventricle enlargement, and worsened functional deficits. On the other hand, more endogenous NSCs were present in the ipsilateral striatum in the hypertensive rats.
Successful bench-to-bedside translation of an effective stroke therapy demands experimental research conducted in comparable conditions relevant to patients (Endres et al., 2008) . Hypertension, which occurs in nearly 30% of the world's population and 60-70% of ICH patients (Thrift et al., 1998; Tikhonoff et al., 2009) , affects not only the pathophysiology of ICH, but also the potential effects of treatment. An ideal experimental ICH model should include hypertension. In this study, we used a well-established non-genetic 2K1C hypertension model to evaluate the effects of elevated BP on ICH-related injury.
Severe long-term hypertension may cause spontaneous stroke, manifesting as small hemorrhagic and infarct transparent lesions in the brain (Shaver et al., 1992; Zeng, et al., 1998) . The rats with spontaneous ICH have the corresponding sensorimotor dysfunction. In our study, BP of the RVHT rats gradually increased and stabilized around 160-190 mmHg. We examined the brain histology at 11 weeks after renal artery constriction. During this period, no rat showed features of spontaneous stroke, and brain sections were unremarkable. The 2K1C model of RVHT is a high renin form of hypertension. In this model, end-organ damage includes cardiac hypertrophy (defined as a 20-50% increase in cardiac size) and hypertrophy of the contralateral kidney (Pinto et al., 1998) . In the present study, the RVHT rats had hypertrophy of the heart and contralateral kidney at 5 weeks after renal artery constriction. However, features of cardiac failure were not seen in the RVHT rats during the study.
Acute BP elevation is common in ICH patients (Qureshi, 2008) . It may be attributed to the direct damage of brain tissue regulating cardiovascular function and other factors, which impair parasympathetic activity and baroreceptor sensitivity, such as stress responses, headache, and urinary retention (Qureshi, 2008) . In this study, both the normotensive and hypertensive rats had acute BP elevation after ICH onset. BP measurement via femoral artery was obtained under anesthesia. Anesthetics can affect cardiovascular, biochemical, and hormonal responses following injury in animals and humans (Hempenstall et al., 1986; Nout et al., 2011) . The effects of anesthetics and stress response on MAP after ICH could not be excluded. Anesthesia-related BP change after ICH should be investigated in the future. Importantly, the optimal management of acute BP elevation in ICH patients remains controversial (Qureshi et al., 2010; Tikhonoff, et al., 2009) , so this ICH model in hypertensive rats can be useful. Moreover, the normotensive rats showed increased heart rate during the hyperacute phase, which may reflect the cardiovascular regulation following ICH. Nevertheless, increased heart rate was not seen in the hypertensive animal, and this may be due to an altered cardiovascular response in RVHT. Additional studies
FIG. 2.
Changes in body weight, mean artery pressure (MAP), and heart rate after ICH. The RVHT rats have severer weight loss 1, 3, 7, and 10 days after ICH compared to the normotensive rats (A; *p < 0.05 versus the normotensive group). Temporal changes in MAP (B) and heart rate (C) in the normotensive (n = 6 per time point) and RVHT (n = 5 per time point) rats are depicted between 10 min before and 240 min after ICH (*p < 0.05 compared to 0 min). Following induction of ICH, both the normotensive and RVHT rats have acute BP elevation. The normotensive rats have a significant increase of heart rate from 120 to 180 min after ICH while the RVHT rats do not show any significant changes during the period.
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on the changes of neural-hormone system as well as heart histology and function would be helpful in revealing the underlying mechanisms. The temperature profiles and blood glucose levels in both groups were similar and within the normal range. Thus, hypothermia, which reduces cell death after ischemia (Colbourne et al., 1997; Dietrich et al., 1996 ) and brain edema after ICH (Fingas et al., 2009; Kawanishi et al., 2008) , as well as hyperglycemia, which increases cell death after ICH (Song et al., 2003) , were not found to be contributing factors in this study. Many clinical studies have show that hematoma growth is common within the first 24 h after symptom onset; such growth is associated with increased mortality and poor functional outcomes (Davis et al., 2006; Kazui et al., 1996) . Further clinical studies have demonstrated a significant association between high SBP and hematoma growth (Fujii et al., 1998; Ohwaki et al., 2004; Willmot et al., 2004) . However, there is little experimental data on the hematoma volume in animals with elevated BP. In our study, high BP significantly increased hematoma volume in the brain at 24 h after collagenase injection in the RVHT rats. A plausible explanation is the hyperactive hemodynamics of hypertensive condition. The 2K1C model of RVHT demonstrates increased activities of both systemic and tissue RAS in the heart, aorta, lung, and kidney (Morishita et al., 1991 (Morishita et al., , 1993 . RAS plays an important role in hemodynamic regulation. Ang II, a potent vasoconstrictor, increases BP and cerebral blood flow , which may impede the hemostasis. It is also possible that the disturbances in cerebral autoregulation in hypertensive condition or subsequent to ICH in the RVHT rats may play a role. Assessment of the haemodynamics in this hypertensive ICH model by PET or fMRI techniques may reveal the exact mechanisms. Recently it has been shown that Ang II enhances prothrombotic activity and promotes in vivo thrombosis (Kaminska et al., 2005; Mogielnicki, et al., 2005) . We observed increased bleeding and brain injury in the RVHT rats. Therefore, activated RAS in the RVHT rats leads to aggravated hemorrhage and brain injury. Whether the plasma coagulation and fibrinolytic parameters in the RVHT rats are compromised needs to be addressed in future studies. Another explanation for the differences in hematoma volume is compromised cerebrovasculature in the hypertensive rats. Although HE staining did not show significant damages of the cerebral blood vessels, there may be significant changes at sub-microscopic level to account for the aggravated brain injury in the RVHT rats.
FIG. 3.
Brain hemorrhagic lesion and brain swelling 24 h after ICH. Series of coronal brain images from a normal rat (A) and a RVHT rat (B) illustrate the location of the hemorrhagic lesion. L, left hemisphere; R, right hemisphere. The RVHT rats (n = 8) demonstrate a larger hematoma volume compared to the normotensive rats (n = 5, C). The RVHT rats (n = 5) have greater brain swelling compared to the normotensive rats (n = 5). *p < 0.05 versus normotensive group. Color image is available online at www.liebertonline.com/neu Although ICH patients have a mortality rate of 31% 7 days after onset (Flaherty et al., 2006; Fogelholm et al., 2005) , mortality rate was zero within 21 days after ICH in both the normotensive and hypertensive rats. The mean lesion volume in the RVHT rats was 44.4 lL, and the hemorrhagic lesion was located in the left basal ganglia, without extending to the cortex or lateral ventricle. In contrast, the autologous blood injection ICH model with a hematoma volume of 75 lL has a mortality rate around 50% (Marinkovic et al., 2009 ). It would be interesting to evaluate the effect of elevated BP on the mortality rate using a higher dose of collagenase IV to induce a larger hemorrhagic lesion.
In the present study, severe sensorimotor deficits were seen in both the normotensive and hypertensive rats, allowing us to evaluate treatments for functional recovery. Mechanisms of ICH-related brain injury include the mass effect, inflammation, apoptosis, and toxic effects of blood degradation products (Chu et al., 2004b; Jung et al., 2004; Lee et al., 2006; Wang et al., 2002) . The rats with elevated BP had worse brain tissue loss, weight loss, and functional deficits after ICH. The mechanisms accounting for the greater injury in the RVHT rats are not clearly known. Increased hematoma volume in the RVHT rats 1 day after ICH suggests aggravated primary brain injury. A series of reactive responses, such as brain swelling, inflammation, and apoptosis may lead to secondary brain damage. Meanwhile, RVHT also activates systemic and tissue RAS. Previous reports have shown that inhibition of RAS in the brain reduces infarct volume, attenuates inflammation and oxidative stress, and modulates the nitric-oxide synthase isoenzymes in animal stroke models, as well as improves functional outcome in stroke patients (Ando et al., 2004a,b; Dai et al., 1999; Ito et al., 2002; Jung et al., 2007; Mark and Davis, 2000; Nishimura et al., 2000; Werner et al., 1991; Yabuuchi et al., 1999; Zhou et al., 2005) . Therefore, the increased (A,B) . Representative microscope images show proliferating cells on the edge of the hemorrhagic lesion in a normotensive rat (C) and a RVHT rat (D). Scale bar, 100 lm (C,D). Quantitative analysis of BrdU positive cells on the edge of hematoma using an unbiased stereological manner reveals that the RVHT rats have a greater density of proliferating cells than the normotensive rats (E). *p < 0.01 versus normotensive group. Double-staining with BrdU and nestin in the perihematomal areas reveals that the majority of BrdU positive cells are also nestin positive. Note double-labeling (white arrows) for BrdU and nestin in a normotensive rat (F1-F3) and a hypertensive rat (G1-G3). Scale bar, 70 lm in F1-F3 and G1-G3. Color image is available online at www.liebertonline.com/neu 2530 SANG ET AL. , the RVHT rats (n = 6) have a larger lesion volume, greater tissue loss, and a larger lateral ventricle compared to the normotensive rats (n = 7). *p < 0.05, **p < 0.01 versus normotensive group. Color image is available online at www.liebertonline.com/neu
ELEVATED BP AGGRAVATES ICH-INDUCED BRAIN INJURY
brain injury in the RVHT rats may be mediated via the activated RAS. Further studies on the effect of RAS inhibition on ICH-related brain injury in the RVHT rats will be useful to elucidate this hypothesis. Increased endogenous NSC proliferation in the ipsilateral hemisphere following ICH has been previously seen in both humans and animals (Shen et al., 2008; Tang et al., 2004) . We observed that elevated BP further enhanced endogenous NSC recruitment in the ipsilateral striatum. The mechanisms of enhanced NSC recruitment in the ipsilateral striatum are not clear. Several studies have shown that inflammatory stimuli recruit NSCs to the hematoma site (Imitola et al., 2004; Wang et al., 2007) . Elevated BP may increase the inflammatory stimuli, and further study is warranted to identify the mechanisms. Unfortunately, this self-repair manoeuvre of injured brain did not translate into improved functional recovery 21 days after ICH. It may be that a longer time, such as 6-8 weeks, is needed for the NSCs to differentiate and incorporate into the brain circuits to compensate for the lost brain functions.
In summary, elevated BP in our RVHT model did not cause spontaneous stroke within the study period. Elevated BP led to worse acute and sub-acute brain injury as well as brain degeneration in a rat ICH model. Despite enhanced NSC recruitment in the perihematomal areas, the hypertensive rats had substantial and persistent neurological deficits. Thus, the ICH model in rats with elevated BP closely mimics human ICH-related pathophysiology, brain histology, and functional deficits, provides a platform to study the mechanisms of ICH-induced brain injury, and can be used to evaluate potential therapies for ICH patients.
